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ABSTRACT 
 
 
The Influence of Mechanical Stratigraphy on Thrust-Ramp  
Nucleation And Propagation of Thrust Faults  
 
by 
 
 
Sarah S. Wigginton, Master of Science 
 
Utah State University, 2018 
 
 
Major Professor: Dr. James P. Evans 
Department: Geology 
 
Our current understanding of thrust fault kinematics predicts that thrust faults 
nucleate on low angle flats (décollements) and propagate along the décollement until the 
resistance to brittle failure is exceeded, at which point the fault propagates upward and 
forms a ramp. While this classic kinematic and geometric model serves well in some 
settings, it does not fully consider the observations of footwall deformation beneath some 
thrust faults nor does it consider the mechanics of failure.  
We examine an alternative end-member model of thrust fault formation which 
takes into account vertical variation in mechanical strength called “ramp-first” fault 
formation. This model hypothesizes that in mechanically layered sections, thrust ramps 
nucleate in the structurally strong units, and that faults can propagate both upward and 
downward into weaker units forming folds at both fault tips. We test this model and 
investigate the effects of mechanical stratigraphy on stress heterogeneity, rupture 
direction, and fault geometry by examining the Ketobe Knob Thrust fault in central Utah, 
  
iv 
which may have formed via the ramp-first faulting style. To explore this model, we 
integrate traditional structural geology field methods, two dimensional cross section 
reconstructions, and finite element modeling. All data collected in the field is 
incorporated into retro-deformable cross sections to determine the kinematics and finite 
element models that provide insight into temporal and spatial variation in stress and 
strain.  
Field data and retro-deformable cross sections suggest that faults at the Ketobe 
Knob nucleated in competent sandstone layers and propagated upward and downward. 
The dual-directional fault propagation formed folds at both fault tips in weaker units. 
Finite element models of the same stratigraphy loaded in compression show a dramatic 
increase in stress in competent rock layers and suggests the strong units are the location 
of fault nucleation. The finite element models also show an increase in stress in areas 
above and below fault tips. These findings support the hypothesis that thrust faults and 
associated folds at the Ketobe Knob developed in accordance with the ramp-first 
kinematic model and development of structures was significantly influenced by 
mechanical stratigraphy.   
(100 pages) 
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PUBLIC ABSTRACT 
 
 
The Influence of Mechanical Stratigraphy on Thrust-Ramp  
Nucleation And Propagation of Thrust Faults  
Sarah S. Wigginton 
 
Our current understanding of thrust fault kinematics predicts that thrust faults 
nucleate on low angle, weak surfaces before they propagate upward and forms a higher 
angle ramp. While this classic kinematic and geometric model serves well in some 
settings, it does not fully consider the observations of footwall deformation beneath some 
thrust faults. We examine an alternative end-member model of thrust fault formation 
called “ramp-first” fault formation. This model hypothesizes that in mechanically layered 
rocks, thrust ramps nucleate in the structurally strong units, and that faults can propagate 
both upward and downward into weaker units forming folds at both fault tips. To explore 
this model, we integrate traditional structural geology field methods, two dimensional 
cross section reconstructions, and finite element modeling.  Field data and retro-
deformable cross sections suggest that thrust faults at the Ketobe Knob, in Utah nucleated 
in strong layers and propagated upward and downward creating folds in weak layers. 
These findings support the hypothesis that thrust faults and associated folds at the Ketobe 
Knob developed in accordance with the ramp-first kinematic model. We can apply this 
understanding of the mechanics behind thrust fault nucleation and propagation in 
mechanically layered stratigraphy to a wide range of geological disciplines like structural 
geology and tectonics, seismology, and petroleum geology. By incorporating our 
knowledge of lithology into fault models, geologists are more likely to correctly interpret 
structures with limited data sets 
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CHAPTER 1: INTRODUCTION 
Foundational structural geology literature relies on geometrical relationships and 
kinematic models to explain the formation of structures in fold and thrust belts (Dahlstrom, 
1970; Boyer and Elliott, 1982; Butler, 1982; Cooper and Trayner, 1986). Recently, researchers 
are integrating techniques and knowledge from rock mechanics with traditional field geology and 
kinematic models to provide a deeper understanding of the development of faults and folds 
(Erickson, 1996; Underwood et al., 2003; Teixell and Koyi, 2003; Bourne, 2003; Roche et al., 
2013; Hughes et al., 2014; Hughes and Shaw, 2015). These new approaches are rooted in 
merging mechanics with geometrical and kinematic models and help answer questions about the 
conditions that promote failure at thrust ramps, how changes in stress state may promote failure, 
and what governs the continued propagation or arrest of newly formed thrust faults.  
Our current understanding of thrust faults is founded in the classic flat-ramp kinematic 
model of fault propagation (Figure 1). In this model a thrust fault is thought to nucleate on a low-
angle flat (décollement) and then propagate along the décollement until the resistance to 
frictional slip on the flat is greater than resistance to brittle failure in rocks above the décollement 
and the fault propagates upward to form a ramp (e.g. Rich, 1934; Rodgers, 1950; Dahlstrom, 
1970; Boyer and Elliott, 1982; Butler, 1982, Williams and Chapman, 1983; Mitra, 1992; 
McClay, 2011). While this geometric/kinematic model serves well in some settings and it is well 
documented in fold-and-thrust belts, it does not fully account for the mechanics and mechanisms 
by which failure occurs in all cases.  
The mechanical stratigraphy of faulted rocks may exert a first-order control on nascent 
thrust fault formation (Eisenstadt and De Paor, 1987; Ferrill et al., 2017). In some thrusts 
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systems, stress concentrations are elevated in mechanically strong layers (Eisenstadt and De 
Paor, 1987; Roche et al., 2013). Stress heterogeneity in the stratigraphic system may cause faults 
to nucleate on the ramp then arrest in mechanically weak layers above and below (Eisenstadt and 
De Paor, 1987; Ferrill et al., 2016). Field evidence of this “ramp-first” faulting style is 
documented in mechanically layered formations at the sub-meter scale (Ferrill et al., 2016) and at 
the map scale (Onderdonk et al., 2005). Primary indicators of the ramp-first faulting style include 
fault propagation folds occurring at both fault tips and a displacement profile that is largest in the 
center and decreases toward both fault tips (Ferrill et al., 2016). A thorough analysis of how 
mechanical stratigraphy influences the propagation and arrest of developing thrust faults is 
needed to describe the loading conditions that promote failure.   
 We integrate traditional structural geology field analysis, two-dimensional cross section 
reconstructions, and finite element mechanical models to investigate the effects of mechanical 
stratigraphy on stress heterogeneity, rupture direction, and thrust fault geometry. We examine a 
Figure 1. Flat-ramp model of fault propagation folding with a hanging wall anticline 
modified from McClay (1992). The dark brown layers are weak or incompetent (like 
shale), and the tan layers are strong or competent (like sandstone).  
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field example of a thrust which may exhibit characteristics of the ramp-first faulting style in 
central Utah, meaning it shows a contrast in mechanical strength of rock units and fault 
propagation folds in the hanging wall and footwall.  Field data we collected includes fold and 
fault geometries, stratigraphy, samples for X-ray diffraction (XRD) and thin sections, and 
Schmidt hammer rebound data. All data collected in the field are incorporated into 2D retro-
deformable cross sections to determine the kinematics of the structure (Chapter 2). These data 
are then incorporated into finite element models which provide a mechanically-based analysis of 
the development of the thrust faults and lend insight into temporal and spatial variation in stress 
distribution at the outcrop (Chapter 3). 
We aim to develop a better understanding of how large-scale mechanical stratigraphy 
controls the initial propagation and arrest of thrust faults. We analyze how vertical changes in 
rheology affect the spatial and temporal concentration of stress and strain, geometric fault 
complexities, and fault propagation directions. This knowledge will help researchers understand 
the conditions of failure at ramps and will help structural geologists, seismologists, and 
petroleum geologists correctly interpret fault geometry mechanics and evolution at all scales.  
Background  
Current research demonstrates the first-order control that mechanical stratigraphy 
exhibits on fault and fracture nucleation and propagation (Teixell and Koyi, 2003; Underwood et 
al., 2003; Roche et al., 2013; Ferrill et al., 2017). Mechanical stratigraphy is defined by the 
contrasts in stiffness, compressive and tensile strengths of rock units, unit thicknesses, and 
frictional properties between units (e.g. Forster, 1809, 1821; Wallace, 1861; Ferrill et al., 2017) 
or simply as the mechanical response of rock to an applied stress (Gross et al., 1995; Underwood 
et al., 2003; Laubach et al., 2009). These properties influence fracture nucleation location 
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(Eisenstadt and De Paor, 1987; Ferrill et al., 2017), fault length, width, and the aperture across a 
slip surface (Laubach et al., 2009; McGinnis et al., 2017), fault-growth directions (King et al., 
1988; Mitra and Mount, 1998), the proportions of folds and faults that form (Morley, 1994; 
Erickson, 1996), fold geometry (Fischer and Jackson, 1999; Gutiérrez-Alonso and Gross, 1999), 
fault-fold interactions (Chester, 2003), and the shape of faults (Woodward and Rutherford, 1989; 
Pfiffner, 1993; Ferrill and Morris, 2008). Strong or competent units tend to resist deformation 
and they accommodate stress loads by brittle failure (Willis, 1894; Currie et al., 1962). 
Conversely, weak or incompetent strata are thought to deform ductiley before fracturing in 
response to increased stress (Goodman, 1980). As a result, stress applied to a mechanically 
layered section with different Young's moduli might lead to varying layer-parallel stresses within 
the anisotropic package (Roche et al., 2013). The highest stresses are expected to form in the 
competent units, and this is where faulting might initiate in some mechanically layered package 
(Eisenstadt and De Paor, 1987; Ferrill et al., 2016). This contrast in deformation styles between 
competent and incompetent rocks creates strong stress heterogeneity in mechanically layered 
systems. 
The classic flat-ramp kinematic model of fault propagation folding (Figure 1) (Suppe, 
1983; Suppe and Medwedeff, 1990; McClay, 1992) has been applied to thrust systems 
worldwide. The kinematic based flat-ramp model implies that thrusts nucleate on low angle flats 
(décollements) in weak layers with a low coefficient of friction (e.g.  Suppe, 1983). The faults 
propagate along the décollement until the frictional resistance to slip along the flat is greater than 
the failure strength of the overlying rock, at which point slip is transferred upward into higher 
stratigraphic levels forming ramps that may connect to the higher flats (Figure 1). While this 
geometric/kinematic model serves well in some settings, it does not fully consider the mechanics 
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and mechanisms of rock failure and the influence of mechanical stratigraphy (Suppe, 1983). As a 
result, the flat-ramp model may not fully explain contractional structures observed in the field 
and in seismic data, including macroscale footwall deformation like footwall synclines and 
footwall collapse (e.g. Ramsey, 1992; Hauksson et al., 1995; Imber et al., 2003; Ferrill et al., 
2016).  
Kinematic models are intuitive and typically satisfy geometrical constraints. However, 
little work has examined the mechanics of ramp formation and continued deformation at ramps 
after a thrust fault forms. Most mechanical models of ramp-related deformation place a pre-
existing ramp in the section, and these priori models make it hard to examine the stresses in the 
early stages of thrust fault formation. The influence of mechanically stratified formations 
requires models of thrust fault propagation where: 1) faults nucleate in structurally strong (stiff, 
low ductility) layers, 2) they can propagate upward and downward, and 3) fault ramps form 
Figure 2. Alternative model of thrust fault formation (ramp-first model) with a hanging 
wall anticline and footwall syncline (modified from Ferrill et al., 2016). The dark brown 
layers are weak or incompetent (like shale), and the tan layers are strong or competent 
(like sandstone). 
  
6 
before the flats (Figure 2) (e.g. Chapman and Williams, 1985; Eisenstadt and De Paor, 1987; 
Ramsay, 1992; Tavani et al., 2006; Uzkeda et al., 2010; Ferrill et al., 2016). There is a growing 
body of evidence for this alternative faulting style from field and seismic reflection and 
earthquake data. 
A primary line of evidence of the ramp-first style is the development of footwall 
synclines (Williams and Chapman, 1983; Eisenstadt and De Paor, 1987; Ramsay, 1992; Morley, 
1994; McConnell et al., 1997; Welch et al., 2009; Uzkeda et al., 2010; Ferrill et al., 2016). If a 
fault nucleates in a competent layer and propagates upward and downward, it is predicted to 
arrest in fault-tip folds in the more ductile layers above and below (Figure 2). These asymmetric 
folds verge in the transport direction of the thrust fault. The dual-directional propagation of a 
thrust fault creates a hanging wall anticline associated with the upward propagating tip and a 
footwall syncline associated with the downward propagating fault tip (Figure 2).  
Added support from seismic, geodetic, and field data suggest that mechanical 
stratigraphy exerts at least some control on nucleation location, fault geometry, and propagation 
direction of thrusts. Observations that indicate the ramp deformation is important includes:   
1) Many earthquake epicenters appear on higher angle ramps in thrust-type earthquakes, 
above 30° (e.g. Koyi et al., 2000; Johnson and Segall, 2004; Qi et al., 2011; Donnellan et 
al., 2015).  
2) Evidence for bi-directional fault propagation also includes a number of aftershocks 
both above and below the main shock (Hadley and Kanamori, 1978; Hauksson et al., 
1988; Stein et al., 1994; Hauksson et al., 1995; Shaw, 2002; Johnson and Segall, 2004; Qi 
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et al., 2011; Donnellan et al., 2015). Earthquakes form as rupture patches, propagating in 
all directions, not just upward (Figure 3).  
3) Significant post-seismic displacement is located on lower angle portions of the faults 
(e.g. Hsu et al., 2002). Consistent nucleation on high angle ramps and bi-directional fault 
propagation suggest that there is stress heterogeneity within the system and stress is 
concentrated on the structurally competent ramps. This implies that deformation may be 
driven from the ramps into the weaker décollements, not being driven from the 
décollement as the traditional ramp-flat model suggests.  
4) Researchers have identified small scale faults in the field in which the largest 
displacement amplitude is in the mechanically strong beds, then the faults tip into weaker 
beds above and below (Ferrill et al., 2016). This suggests that the faults nucleated on the 
ramps before losing displacement in the more ductile units.  
5) Numerous authors have identified footwall synclines associated with large thrusts in 
the field and seismic reflection profiles which are best explained by the downward 
propagation of fault tips (Link, 1949; Burchfiel et al., 1974; Williams and Chapman, 
1983; Schmidt et al., 1993; Morley, 1994; Begin et al., 1996; McMechan, 1999; 
Langenberg et al., 2006). 
All these phenomena point to a potential influence of mechanical stratigraphy on the 
location, geometry, and direction of thrust faulting. If thrusts can form according to the ramp-
first model, then previous ideas about where earthquakes nucleate in the thrust system and how 
they propagate might need to be reconsidered in mechanically layered settings. This could also 
impact exploration for natural resources/subsurface hydrocarbon traps.  
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Motivation  
Analysis of the influence of mechanical stratigraphy on fault nucleation and propagation 
can have powerful applications for a wide range of disciplines including structural geology and 
tectonics, seismology, and petroleum geology. If the ramp-flat model does not apply universally 
in compressional settings, it is crucial to incorporate the alternative models when necessary in 
order to correctly interpret structures. 
Petroleum geologists rely on kinematic fault models to help interpret the orientation of 
structures in the subsurface based on seismic profiles. As the resolution of the seismic line 
decreases with depth, these assumptions about fault behavior become more influential, and a 
correct interpretation of reservoir geometry is crucial to success (Figure 4). Similarly, researchers 
who use coseismic geodetic data or focal mechanism/aftershock data to image fault geometry are 
also influenced by the flat-ramp kinematic model of fault development to interpret their data. 
Figure 3. Cross section showing relation of the 
Santa Fe Springs segment of the Puente Hills 
blind thrust to the hypocenters of the 1987 
Whittier Narrows earthquake and aftershocks 
from Shaw (2002). Aftershocks are evenly 
distributed above and below the main shock 
(Shaw, 2002). 
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Restored cross sections in regions of active thrust faulting are an important tool to identify risk 
from blind thrust faults (Davis et al., 1989). These cross sections rely heavily on geometric-
kinematic models to inform their interpretations of earthquake processes. Quantifying the effects 
of mechanical stratigraphy on earthquake propagation and arrest could lead to the 
reconsideration of interpreted structures in cross sections and seismic data. The inclusion of 
mechanically layered geology in models might significantly alter the resulting fault geometry 
and fault width (King et al., 1988). These revised structural interpretations would then need to be 
reevaluated for earthquake risk in seismically active areas, as fault width is the driving factor in 
moment magnitude (Aki, 1967; Kanamori, 1978). 
In Chapter 2 we present the results of field work and retro-deformable cross sections. 
Chapter 2 examines fold and fault geometries, stratigraphy and minerology, and the kinematics 
of the structures at the Ketobe Knob Thrust, in central Utah. We present the results of the finite 
element models built using field observations at the Ketobe Knob Thrust in Chapter 3. The finite 
element models incorporate field data and provide a mechanically-based analysis of the 
Figure 4. (Left) Common interpretation where the footwall is undeformed. (Right) 
Alternative interpretation that accounts for mechanical stratigraphy; a footwall syncline 
was created by downward fault propagation and has created a trap for the reservoir 
below. 
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development of the thrust faults and lend insight into temporal and spatial variation in stress at 
the outcrop. Chapter 4 contains the discussion and conclusions.  
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CHAPTER 2: FIELD WORK AND KINEMATIC RECONSTRUCTIONS 
Methods 
In order to investigate the effects of mechanical stratigraphy on stress heterogeneity, 
rupture direction, and fault geometry we examine a field example of a thrust that exhibits a large 
footwall syncline. We: 1) analyze a surface thrust exposed in central Utah called the Ketobe 
Knob Thrust, which exhibits characteristics of the ramp-first faulting style with a hanging wall 
anticline and large footwall syncline,  2) create retro-deformable cross sections Move ™, and 3) 
use the data collected in the field to inform numerical models, which are used to examine how 
the mechanical stratigraphy of the faulted rocks influence failure.  
In the field we: 1) documented the fold and fault geometries at the Ketobe Knob thrust, 2) 
measured displacement along the length of the fault exposed at the Ketobe Knob outcrop, 3) 
examined and measured the orientations of mesoscopic structures, including slip surfaces and 
bedding planes to look for evidence of sliding, shear zones, or discrete faults parallel to layering, 
4) examined surrounding structures and collect data for a stress inversion to determine the 
regional paleo-stress state, 5) constructed retro-deformable cross sections of the study sites in 
Midland Valley Move™,  6) characterized all rock types and mineralogy present with thin 
section analysis and XRD, and 7) created mechanical stratigraphic profiles of the faulted rock 
units with a Schmidt hammer (to estimate elastic stiffness and to calculate Young’s Modulus 
(e.g. Aydin and Basu, 2005; Ferrill et al., 2016; Katz et al., 2000). Chapter 2 of this thesis will 
present the field data and balanced cross sections.  
The XRD analyses were performed on five samples from the Ketobe Knob outcrop and 
these consisted of one sample from each major lithology and one sample of the fault surface. 
Whole-rock samples were first milled into a fine powder in a tungsten carbide vessel. The XRD 
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of powdered samples were run with a PANalytical X’Pert Pro X-ray Diffraction Spectrometer. 
All samples were run at 45 kV and 40 mA, with a 1 second per 0.02 º step size over a range of 2º 
to 75 º. 
The stress inversion was conducted in 3DStress® (Morris, 2017). 3DStress® estimates 
orientations and magnitudes of the paleo stress states based on fault orientations and 
displacement using slip tendency analysis (Morris, 2017b). The data set of faults for the stress 
inversion was expanded to include large structures in the immediate area around the Ketobe 
Knob outcrop (Wacker, 2001). 
Restored cross sections were create in Move™, which contains a suite of algorithms to 
create/restore faults including Fault Parallel Flow, Elliptical Fault Flow, and three different 
kinematic fold/unfold algorithms that we utilized including Flexural Slip, Simple Shear, and Line 
Length (Midland Valley Resources, 2018). A combination of these algorithms was applied to the 
structures on a dip parallel outcrop photo of the Ketobe Knob Thrust. The reconstruction of a 
balanced cross section is a common tool to validate an interpretation of structures in the field 
(Dahlstrom, 1969). While a restored cross section is a non-unique solution, through trial and 
error, a balanced restoration can reveal possible 1) fault nucleation locations, 2) fault propagation 
directions 3) the cause of fold formation, and 4) the likely order of events in the structure. We 
use these kinematic models which satisfy geometrical constraints, to motivate the finite element 
modeling.  
Site Description 
The Ketobe Knob Thrust lies in Emery County, central Utah, on the northwestern portion 
of the San Rafael Swell (Figure 5). The Ketobe Knob presents a unique opportunity to examine a 
thrust fault and footwall syncline in three dimensions, as the structures are exposed on a bluff. 
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The Ketobe Knob outcrop shows a hanging wall anticline and a large footwall syncline 
associated with a series of sub-planer thrust faults (Figure 6). The thrusts at the Ketobe Knob are 
part of a larger, anastomosing system of east-directed synthetic thrusts, splays, and damage zones 
in the NW flank of the San Rafael Swell (Petrie, 2018). Some research has been conducted at the 
outcrop including a study on clay smear development in fault zones (Welch et al., 2009) and a 
study on the drag folding mechanism as explanation for the folds in the study area (Wacker, 
2001). Neuhauser (1988) provided field evidence for this area representing the easternmost limit 
of the Sevier Orogeny, and mapped major structures in the region including the Ketobe Knob 
thrusts. Regional mapping reveals a number of large, south-southwest striking, west dipping 
thrusts directly north of the Ketobe Knob including the Cedar Mountain Thrust (Petrie, 2018).  
 Figure 6. Strike parallel photo of the Ketobe Knob Thrust. The inset box shows the area 
of the hanging wall anticline in Figure 14.  
  
15 
The Sevier orogeny is likely responsible for the large-scale faults in the study area 
(Neuhauser, 1988; Wacker, 2001). This west to east directed, thin-skinned orogeny created 
extensive eastward thrusting in sedimentary rocks along western North America beginning ~140 
ma. As the effect of the Sevier Orogeny faded the Laramide Orogeny took its place beginning 
~80 ma (Gries, 1983). The Laramide Orogeny is responsible for creating the San Rafael Swell, 
which is a 130 km long and 55 km wide domal uplift created by an asymmetrical anticline 
(Bump and Davis, 2003; Larsen, 2015).  
Field Data 
Stratigraphy and X-ray Diffraction 
The Ketobe Knob thrust cuts the Jurassic 
Upper Entrada Formation and Lower Curtis 
Formation, which are part of the San Rafael 
Group (Figure 7) (Doelling et al., 2015). The 
Entrada sandstone consists of red, silty to fine-
grained, calcium carbonate cemented sandstone 
with alternating thinner siltstone beds. In central 
Utah the Entrada Formation is divided into the 
upper Earthy Member and the lower Slickrock 
Member (Doelling et al., 2015; Petrie, 2014). The 
Earthy member is a mechanically layered package of fine-grained sandstone and siltstone up to 
45 m thick and it dominates the western region of the San Rafael Swell and is present the Ketobe 
Knob (Doelling et al., 2015) (Figure 6).    
Figure 7. Regional stratigraphic column 
of Jurassic units in the San Rafael Swell. 
Modified from Doelling et al. (2016).  
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At the Ketobe Knob outcrop, the Entrada 
Formation is divided into two distinct lithologic units: 
a thickly bedded sandstone (upper and lower Entrada 
sandstone) and a finely laminated silty sandstone 
(Earthy Entrada silty sandstone) (Figure 6, 8). 
The Entrada sandstone is rust red, well cemented, and 
is very thickly bedded (>1 m thick). The XRD analysis 
of the unit reveals it consists of primarily quartz with 
minor calcite and oxides (Table 1). Thin section 
analysis shows that the Entrada sandstone is very fine 
grained and with quartz grains ranging from 0.05-0.2 
mm (Appendix A, Figure 39). The sandstone is calcite 
cemented with hematite grain coatings (Appendix A, 
Figure 39).  
The Earthy Entrada silty sandstone is dark 
reddish brown and grey, friable, and very thinly 
bedded (< 1 cm thick) at the outcrop. The XRD of the Earthy Entrada silty sandstone shows it is 
primarily quartz with minor carbonate and oxides (Table 1). The Earthy Entrada silty sandstone 
is well sorted, very fine-grained quartz (ranging from 0.04-0.2 mm) that is laminated with finer 
grained lithics and clays (less than 0.005 mm) and cemented with calcite (Appendix A, Figure 
42). It shows very fine lamination (0.25mm). There are also abundant hematite rims around 
quartz grains (Appendix A, Figure 42). A regional unconformity separates the Entrada Formation 
from the overlying Curtis Formation (Doelling et al., 2015). The Curtis Formation is a green- 
Figure 8. Stratigraphic column of 
the Ketobe Knob. 
  
17 
  
Table 1: Lithology synthesis including field observations, thin section analysis, and XRD.  
Unit Thickness Grain Size XRD Hand Sample Descriptions Thin Section Descriptions 
C
ur
tis
 sa
nd
sto
ne
 
10.8 m 0.1-0.75 mm 
• Quartz 
Tan, calcite 
cemented 
sandstone. 
Friable. Very 
homogeneous. 
Medium 
bedded. 
Primarily quartz with some 
clays (primarily 
Glauconite) and some 
calcite. Quartz is sub-
angular to sub-rounded, 
well sorted Quartz grains 
are interlocking created by 
quartz overgrowth. 
Abundant calcite 
overgrowth on other 
minerals. 
• Hematite 
• Sulfides 
• Oxides 
• Calcite 
C
ur
tis
 
co
ng
lo
m
er
at
e  
1.6 m 0.25-5 mm 
• Quartz Purplish pebble 
conglomerate. 
Strongly calcite 
cemented. 
Contains 
primarily lithic 
fragments. 
Pebbles are quartz, calcite, 
potassium feldspar and fine 
grained lithics. Rounded to 
well rounded. Moderately 
well. Matrix is calcite 
cement which shows thick 
and thin twins. 
• Calcite 
• Halite 
• Feldspar 
En
tra
da
 
sa
nd
st
on
e 
5.5 m 0.05-0.2 mm 
• Quartz 
Reddish-brown 
sandstone, 
strongly calcite 
cemented. Very 
thick bedding. 
Primarily quartz with 
calcite cement. Very well 
sorted. Angular to sub-
rounded quartz grains. 
Stained with hematite grain 
coatings 
• Calcite 
• Oxides 
• Hematite 
• K NaCl 
Ea
rth
y 
En
tra
da
 si
lty
 
sa
nd
st
on
e 
2.9 m 0.04-0.2 mm 
• Quartz 
Mottled reddish 
brown and gray 
silty sandstone. 
Weakly calcite 
cemented, 
Friable with 
very thin 
bedding. 
Primarily quartz with silt 
interbedded. Quartz grains 
are angular to sub-rounded 
and very well sorted. 
Lithics and clays are less 
than 0.005 mm. Abundant 
hematite staining around 
quartz grains. Very fine 
lamination as small as 0.25 
mm. 
• Oxides 
• Ca Mg CO3 
• NaCl 
• Oxides 
• Hydroxides 
Fault Surface 
• Quartz Black, orange, 
and yellow 
alteration 
minerals on 
fault surface. 
Calcite fractured 
chalcedony. Shear fractures 
in calcareous siltstone. 
Clacite filled fractures in 
hematite mudstone. 
 
• Calcite 
• Ankerite 
• Dolomite 
• Illite 
Green indicates a major mineral phase (PANalytical X’Pert Highscore of >0.45) 
Yellow indicates a minor mineral phase (score of 0.2-0.45) 
orange indicates a trace mineral phase (score of <0.2) 
For more details see Appendix A.  
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gray to brown, silty, calcareous sandstone with siltstone and mudstone horizons. The lower 
member of the Curtis Formation is a cliff-forming member ~30 m thick (Doelling et al., 2015).  
At the Ketobe Knob we divide the Curtis Formation into two mechanical units: the upper 
sandstone (Curtis sandstone, 10.8 m thick) and the purplish basal pebble conglomerate (Curtis 
conglomerate, 1.6 m thick; Figure 8). The Curtis sandstone is tan, weakly cemented and medium 
bedded (1-30 cm thick).  Minerology derived from XRD data showed the Curtis sandstone is 
primarily quartz with minor iron and sulfides (Table 1). Thin section analysis revealed primarily 
sub-angular to sub-rounded quartz grains that are well sorted ranging from 0.1-0.75 mm (Figure 
38). The quartz grains display an interlocking texture created by quartz overgrowth with minor 
calcite cement (Figure 32).  
The Curtis conglomerate is purplish, well cemented, and shows little internal bedding. 
The XRD reveals the unit is also predominantly quartz with minor calcium carbonate. Thin 
sections of the conglomerate show moderately well sorted with grains ranging from 0.25-5 mm 
(Appendix A, Figure 41). Larger grains are rounded to well-rounded and composed of pebbles 
quartz, calcite, potassium feldspar and fine grained lithics (Appendix A, Figure 41). The calcite 
cement matrix shows thick and thin twins. 
Figure 9. Graph of average Schmidt hammer rebound (R). Error bars show the 
standard deviation for each unit. Rebound (R) is unitless.   
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Table 2. Average Schmidt hammer rebound  
The thrust surfaces at the Ketobe Knob display mainly dip slip slickenlines in calcite and 
several alteration minerals on fault surfaces (Wacker, 2001). Thin sections of the fault surface 
show calcite, fractured chalcedony, shear fractures in calcareous siltstone and calcite veins in 
hematite mudstone. The XRD analysis of the fault surface revealed the presence of quartz, 
calcite, ankerite, dolomite, and illite (Table 1). The presence of carbonate minerals and clay 
minerals on the fault and bedding surface likely lowers the frictional resistance to slip (Ferrill et 
al., 2017), so we applied a coefficient of friction of µ = 0.4 to the fault in finite element models 
in Chapter 3.  
Mechanical Stratigraphy 
Relative rock strengths were determined in the field with an N-type Schmidt rebound 
hammer. A series of ten tightly grouped measurements were taken on a vertical face of each unit 
(to avoid the need to correct for gravity), then averaged (Figure 9). The upper Entrada sandstone, 
and lower Entrada sandstone showed the highest rebound values (~45-49 R), whereas the Curtis 
sandstone, Curtis conglomerate, and Earthy Entrada units showed lower rebound values (~38-40 
R) (Figure 9). We use relationships between rebound (R) and elastic material properties to 
Mechanical 
Unit Average Rebound (R) UCS (MPa) E (GPa) 
Curtis SS 38.1 28.4 9.8 
Curtis 
conglomerate 40.7 33.7 12.0 
Entrada SS 
(upper) 49.8 62.1 22.5 
Earthy Entrada 39.3 30.7 10.8 
Entrada SS 
(lower) 45.9 47.8 17.5 
Conversion Equations† ln(UCS)= 0.792+0.067 x R ln(E)= -0.967+3.091 x lnR 
(UCS) Uniaxial Compressive Stress, (E) Young' Modulus 
†(Aydin and Basu, 2005; Katz et al., 2000) 
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compute Young’s Modulus (E) and Uniaxial Compressive strength (UCS) (Aydin and Basu, 
2005; Katz et al., 2000) (Table 2).  
These measurements form the basis for the material properties used in the ABAQUSTM 
finite element models (Chapter 3). These measurements of UCS and E depict the relative 
contrasts between different lithologies. It is also important to note that rebound is just one 
measure of a rock’s mechanical strength; unit thickness, bedding laminations, grain size, grain 
sorting, and other fabrics exert a strong control on the strength of a rock unit (Busetti and Fang, 
2018).  
 
 
Figure 10. Annotated photo of the units and structures at the Ketobe Knob outcrop. The 
units are cut by a series of sub-planer thrusts. The Curtis conglomerate is folded into a 
hanging wall anticline, and the Earthy Entrada silty sandstone is folded into a footwall 
syncline.  
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Structures  
The Ketobe Knob outcrop 
displays three sub-planar thrusts 
that cut tilted beds (Figure 10). 
The bedding dips shallowly to the 
north-northeast with an average 
dip of ~10° and a strike ~275°, 
which is consistent with dips near 
Buckhorn Wash (Figure 5, Figure 
11). However, this is different than the regional dip in the northern portion of the San Rafael 
Swell, which is shallowly dipping to the northwest (Figure 5, Figure 11).  
The major faults at the outcrop dip shallowly to the southwest with an average dip of 
~19° and strike to the southeast with an average strike of ~125° (Figure 11). The uppermost fault 
shows the largest displacement of 13.2 m, the lowest fault shows displacement of 9.1 m, and the 
middle fault is only offset by 0.77 m (Figure 10). The upper fault can be traced around the 
outcrop in three dimensions. Previous researches have recorded records similar orientations with 
an average strike of 105° and an average dip of 23° (Wacker, 2001). Neuhauser (1988) records 
striations on quartz-coated chatter marks along the fault plane trend from N55°E to N62°E which 
suggests the fault’s motion is primarily dip-slip (Neuhauser, 1988).  
The orientation of major faults at the outcrop were combined with additional regional 
structural data from Wacker (2001) to derive the likely paleo-stress orientation (Appendix A). 
The stress inversion predicts a horizontal σ1 from southwest-northwest and vertical σ3 (Figure 
Figure 11. Lower hemisphere stereonets with planes 
and poles to planes (with Kamb contours) of bedding 
and major faults at the outcrop. 
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12). Based on slip tendency analysis 
(Morris, 2017; Figure 12) the likely 
magnitudes of the stresses that created the 
suite of structures observed in the field σ1 
~100 MPa and σ3 ~40 MPa. Assuming a 
lithostatic stress gradient of 25 MPa/km, 
this equates to a burial depth of 1.6 km.  
The predicted stress orientations, 
magnitudes, and burial depths from this 
stress are consistent with previous studies. 
The orientations and magnitudes of paleo-stress state are consistent with a southwest-northeast 
compression created by the Laramide Orogeny which lasted from ~80 ma to ~35 ma and is 
responsible for creating the San Rafael Swell (Gries, 1983).  Petrie et al. (2014) predicted an 
overburden pressure of ~40 MPa for the underlying Carmel Formation at roughly 50 ma during 
the middle of the Laramide Orogeny. Predicted burial depths for the Middle Jurassic rocks near 
the Ketobe Knob are between ~0.6 km and ~2.7 km for the Middle Jurassic units near Green 
River, Utah (east of the San Rafael Swell) during the that time period (Nuccio and Condon, 
1996).    
The orientation of the faults at the Ketobe Knob is unique, as the surrounding thrust faults 
strike to the south-southwest (Figure 5). The oblique orientation of the Ketobe Knob faults can 
be explained if the large south-southwest striking faults formed during east-west directed stress 
from the Sevier Orogeny, and the southeast striking faults formed later during the southwest-
Figure 12. The stress inversion from 3D 
Stress displays fault data collected in this 
study and the principal stress orientations of 
the paleo-stress state on a stereonet which is 
color coded by slip tendency (Morris, 2017). 
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northeast directed pressure 
from the Laramide Orogeny 
(Figure 13). This hypothesis 
is supported by structural data 
from Wacker (2001) which 
catalogs two populations of 
thrust faults; one striking 
south-southwest, and a second 
population of smaller faults 
striking from southeast 
(Wacker, 2001) (Figure 13). 
Both sets of faults show 
primarily dip slip motion 
(Wacker, 2001; page 45). If 
both sets of structures formed 
at the same time we would 
expect a significant 
component of strike sip motion on either of the fault sets, which is not present (Wacker, 2001). 
Computed P-axes for both fault sets also support this hypothesis; The trend and plunge for the P-
axis of southwest striking faults which formed in the Sevier Orogeny is  098/18, and the trend 
Figure 13. (Top) Schematic diagram of maximum principal 
stress and fault formation during the Sevier Orogeny and 
Laramide Orogeny near the Ketobe Knob outcrop. (Bottom) 
Fault data from the Ketobe Knob outcrop and surrounding 
field area (Wacker, 2001). Larger faults show southeast strike, 
while small structures display southwest strike.  
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and plunge for the P-axis of southeast 
striking faults which formed in the 
Laramide Orogeny is 057/16 (Figure 
13). 
Above the upper thrust is an 
asymmetric hanging wall anticline in 
the Curtis conglomerate. The anticline 
has an amplitude of ~1.5 m and 
verges to the northeast (Figure 14). 
Unfortunately, the fold was out of 
safe reach for more detailed 
measurements. Below the lowest 
thrust is a large footwall syncline 
(amplitude of ~5 m) in the Earthy 
Entrada silty sandstone which is cut 
by a series of smaller faults (Figure 
10). The tight, asymmetric fold 
verges to the southwest. The lower 
limb of the syncline is nearly 
horizontal, and the upper limb is 
steeply overturned (Figure 10). The 
axis of the footwall syncline as 
measured from the west side of the Figure 14. (Top) Hanging wall anticline. (Middle) 
Footwall syncline from east side of outcrop. (Bottom) 
Footwall syncline from west side of outcrop. 
  
25 
outcrop the is 316/27, which is cylindrical and nearly 
perpendicular to the major fault axis (Figure 15). While 
breakthrust folds and drag folds show no direct 
relationship between the shape of the fold and the shape 
of the fault (Suppe and Medwedeff, 1990), fault 
propagation folds are typically asymmetric fold with 
one steep or overturned limb (Suppe and Medwedeff, 
1990).  Folds form as displacement on the fault tip goes 
to zero and displacement is absorbed by folding (Suppe 
and Medwedeff, 1990). Kink band theory suggests that 
folds form in similar shapes and locations relative to 
the fault tip (Suppe and Medwedeff, 1990).    
Kinematic Reconstructions 
We used the software program Move™ by Midland Valley to create the restorations of 
the Ketobe Knob outcrop. Move™ is a stand-alone environment for 2D and 3D kinematic 
modeling which allows one to create forward models and reverse models of structures. The 
algorithms in Move™ are simplified models of the geometric and mechanical processes sourced 
from literature (Midland Valley Resources, 2018). The appropriate faulting or folding algorithm 
for each step much be determined through a workflow which tests if the model is balanced and 
geologically valid (Midland Valley Resources, 2018).   
Reconstruction Steps 
We created restorations from four different initial geometries because the highly 
deformed region in-between the upper and the lower fault left room for multiple interpretations 
Figure 15. Lower hemisphere, equal 
area stereonet showing the fold axis 
of the foot wall syncline on the west 
side of the Ketobe Knob outcrop 
(red dot), best fit great circle 
through fold data (red line), and the 
orientation of the upper fault at the 
Ketobe Knob outcrop (black line). 
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of fault paths. Over 20 restorations were attempted, a selection of which are presented in 
Appendix B. With each of those initial geometries we varied the order of fault failure, location of 
fault nucleation, and the fault and fold algorithms applied. We also tried restorations with purely 
upward fault propagation, purely downward fault propagation, and a combination of both. 
All attempted restorations, except our preferred interpretation, are considered unsuccessful due to 
the following problems:  1) the algorithms of the program could not complete an unfaulting or 
unfolding step (due to non-concentric folding) (Figure 16 b),  or 2) they required steps which are 
not geologically reasonable (they created more deformation than exists present day (Figure 16 a), 
they created excessive layer thickening (Figure 16 d), or they created unreasonably tight folding 
Figure 16: Failed kinematic reconstructions. Over 20 models were tested by varying 
starting geometry, order of fault failure, and fault and fold algorithms. Common causes of 
failed models included (a) excess distortion, (b) non-concentric folding, (c) excessive layer 
thickening, or (d) unrealistically tight folding. 
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(Figure 16 c)). When these issues arose in a reconstruction we restarted and used new methods or 
a new initial geometry.  
Based on the detailed reconstruction steps (Appendix B), our preferred interpretation 
shows that the structures at the Ketobe Knob were most likely created by the series of events in 
Table 3. It is also important to note that we do not too assign a strict timeline to the 
reconstruction; the faults and folds could have all formed in very short succession or 
instantaneously: 
         Table 3. Major reconstruction steps of the 2D cross section restoration in MoveTM  
Event* Image 
Some gentle folding of 
the layers prior to 
faulting. 
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The upper fault 
nucleated in the upper 
Entrada sandstone, then 
propagated upward and 
downward. The upward 
propagation of the fault 
created a hanging wall 
anticline in the Curtis 
conglomerate. The 
upper fault forming 
first is consistent with 
kinematic models of 
thrust fault imbricates 
(where the highest 
stratigraphic fault is the 
earliest formed). 
 
Next, the lower fault 
nucleated near the base 
of the upper Entrada 
sandstone and it 
propagated upward and 
downward. The 
downward propagation 
of the fault created a 
footwall syncline in the 
Earthy Entrada silty 
sandstone.  
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With progressive 
displacement of the 
lower fault, layers in-
between the upper and 
lower fault were steeply 
tilted. 
 
Lastly the middle fault 
formed in-between the 
upper and lower faults. 
The entire region was 
uplifted, and bedding 
was tilted (~10 ° bed 
dip) from the uplift of 
the San Rafael Swell. 
This is the outcrop as it 
appears today in its 
deformed state. 
 
*The reconstruction shows deformation as it occurred chronologically (i.e. from least 
deformed to present day).  
See Appendix B for full list of restoration steps and techniques used. 
 
In the preferred restoration, the cumulative unrestored length of the beds is 307.47 m and 
the cumulative length of the restored beds is 305.34 m. The area of the unrestored cross section 
is 784.62 m2 and the area of the restored polygons is 795.68 m2. The 6.24 m2 of the increased 
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area in the reconstruction is accounted for in the open space created by restoration along non-
planar fault surfaces. The remaining 4.82 m2 is assumed error (<1%) in the reconstruction or 
could be taken up in the heavily deformed zones created at the fault surfaces.  
Displacement as a Function of Position Along a Fault 
A displacement-distance 
profile or displacement-distance 
diagram  helps determine the likely 
region of fault nucleation could be 
the site with the greatest 
displacement (Figure 17; Muraoka 
and Kamata, 1983; Williams and 
Chapman, 1983; Ellis and Dunlap, 
1988).  The resolution is only as 
fine as the bedding thickness. The 
middle fault showed uniform 
displacement at each measurable 
point of offset which results in a flat 
displacement as a function of 
distance profile (Figure 17). We 
cannot make any assumptions about 
where this middle fault nucleated as 
a result.  The lower fault shows the 
maximum displacement somewhere 
Figure 17. Distance as a function of displacement 
graphs of the (a) upper fault, (b) middle fault, and 
(c) lower fault. Yellow stars show the thrust fault 
nucleation location in the preferred interpretation. 
Shaded area under the curves show the area of 
each until cut by the fault.  
  
31 
near the boundary of the upper Entrada sandstone, and it loses displacement toward the upper 
and lower fault tips. This suggests that the fault nucleated somewhere in the upper Entrada 
sandstone. Lastly, the upper fault shows a maximum displacement in the upper Entrada 
sandstone with less offset toward both fault tips. This profile suggests that the upper fault 
propagated upward and downward (Figure 17). 
Discussion of Field Work and Kinematic Analysis  
Based on our preferred restoration we conclude: (1) both major faults nucleated in 
mechanically strong layers (upper Entrada sandstone), (2) the upper and lower faults appear to 
have propagated upwards and downwards as shown by the decrease in displacement toward the 
upper and lower fault tips, and (3) the hanging wall anticline and footwall syncline formed in 
mechanically weaker layers and were created by upward and downward fault propagation. While 
it is a non-unique solution, the preferred reconstruction in Move™ appears to support a kinematic 
model in which the faults nucleate in structurally strong layers, propagate upwards and 
downwards, and create folds in more ductile stratigraphic units. However, at this outcrop it 
appears that two closely spaced sub-parallel structures propagated close together and created a 
similar geometry.  
The field data and reconstructions suggest that there is a connection between rock 
strength and thrust fault/fold formation, but they do not provide a complete explanation of the 
mechanisms. In Chapter 3 we explore the mechanics behind the ramp-first faulting style with 
finite element models in ABAQUS. These geo-mechanical models allow us to examine the 
influence of mechanically layered stratigraphy on stress and strain in unfaulted rocks as well as 
explore how a propagating fault alters stress in the surrounding rocks.  
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CHAPTER 3: FINITE ELEMENT MODELS OF THRUST FAULT RAMP INITIATION 
Introduction 
In this chapter we present the results of finite element models (FEMs) of stresses and 
deformation of layered sequences in ABAQUSTM. Results from the FEMs in this study are 
helpful to explore the ramp-first style of thrust fault propagation in which: 1) faults nucleate in 
structurally strong (stiff, high Young’s Modulus, low ductility) layers, 2) they can propagate 
upward and downward, and 3) fault ramps form before the flats (e.g., Chapman and Williams, 
1984; Eisenstadt and DePaor, 1987; Ramsey, 1992; Tavani et al., 2006; Uzkeda et al., 2010; 
Ferrill et al., 2016). When the fault nucleates in a competent layer and propagates upward and 
downward, it is predicted to arrest in fault tip folds in the more ductile layers above and below 
(e.g., King and Brewer, 1983; Eisenstadt and DePaor, 1987; Tavani et al., 2006; Uzkeda et al., 
2010; Ferrill et al., 2016). The dual-directional propagation of a thrust fault creates a hanging 
wall anticline associated with the upwardly propagating tip and a footwall syncline associated 
with the downwardly propagating fault tip. Results from Chapter 2 suggest that the structures at 
the Ketobe Knob are an example of the ramp-first fault style. However, the field data and 
kinematic cross section reconstruction do not explain the mechanics of the formation of such 
structures.  
The FEMs incorporate field data and provide a mechanically-based analysis of the 
development of the thrust faults at the Ketobe Knob outcrop. Finite element analysis allows us to 
estimate the stresses and strains under loading conditions in a digitally rendered object and is 
particularly useful for modeled objects with multiple material properties and multiple part 
interactions. This functionality lends itself well to exploration of fault formation in complex 
mechanically layered stratigraphic sections. The FEMs are approximate results, but mesh 
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refinement and convergent solutions imply that the relative distribution and contrast of stresses 
and strains in the stratigraphic sequence are plausible. These results allow us to predict locations 
of failure based on stratigraphy and recreate fault and fold geometries observed in the field.  
Background  
Previous efforts to explore the mechanics of fault nucleation and fold formation have 
been conducted with elastic dislocation models (Rodgers and Rizer, 1981), wax analogue models 
(Odonne, 1990), 2D numerical models (Reches and Eidelman, 1995), 2D numerical models of 
viscous flow around a fault (Grasemann et al., 2003), displacement field analysis (Grasemann et 
al., 2005), and 3D elastic numerical models (Roche et al., 2013).  
These studies uncover a number important factors which influence fault and fold 
development. 1) Odonne (1990) and Grasemann et al. (2005) found that displacement along the 
fault causes heterogeneous re-orientation of the strain axes and the highest strains were found at 
the fault tips (Reches and Eidelman, 1995). The authors predicted that the increased stresses 
were representative of fault propogation folds, and they cite McConnell’s (1997) kinematic 
model of dual edged fault propagation fold model as an excellent explanation of their results. 2) 
models confined with overburden pressure produce significantly more stress heterogeneity 
around the fault and the degree of fault related folding likely depends partly on the depth of the 
fault (Odonne, 1990).  2) low angle faults, those below ~30°, are more likely to produce the fault 
propagation fold geometry (Grasemann et al., 2003; Grasemann et al., 2005). 4) the stress 
conditions that create fault propagation folds are largely insensitive to the rheology of the rock 
(as long as the rheology is continuous and uniform), so fault propagation folds can form in any 
rock type (Reches and Eidelman 1995; Grasemann et al., 2005). 5) relatively small differences in 
yield strengths can make a significant change to the sequence of failure in a sedimentary package 
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(Roche et al., 2013). Roche (2013) showed that for stratigraphic sequences with little variation in 
strength, nucleation occurs in the stiff layers (limestones or sandstone), while failure occurs in 
the compliant layer (e.g. claystone) if the stiff layer has high cohesion (Roche et al., 2013).  
A number of researchers have described crack growth in rock-like material with pre-
existing cracks under uniaxial compression with extended finite element models (XFEMs) 
(Hedayat et al., 2015; Zhuang et al., 2015; Sivakumar and Maji, 2016). The XFEM algorithm 
models the initiation and propagation of cracks based on the maximum principal stress direction 
without any previous knowledge of crack location. The results showed that the cracks propagated 
parallel to σ1 regardless of the initial orientation of the pre-existing crack and all three studies 
failed to predict the initiation of shear cracks. These XFEM models do not agree with laboratory 
uniaxial compression experiments which commonly find failure along shear planes at higher 
UCS (Basu et al., 2013). Additionally, all the previously mentioned modeling studies were 
conducted in uniform rock material with no variation in mechanical stratigraphy. Clearly 
questions remain about the influence of mechanically stratified lithology on thrust fault 
nucleation and propagation.  
Terminology of Rock Failure  
Terminology of fractured rock mechanics tends to vary with the author, rock/soil type, 
methods, and context, so we define the terms used to predict rock failure in this thesis. Rocks 
typically exhibit elastic-plastic material properties (Goodman, 1980) and failure under 
compression is typically explained in stress vs. strain space (Figure 18). Here, the magnitude of 
stress applied to the rock is plotted against the cumulative strain in a rock sample (Figure 18). 
Figure 18 shows a typical stress as a function of strain curve for a rock sample in compression. 
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Of critical importance for this study is the range of ductile or brittle responses of different 
lithologies under the same load conditions. Brittle materials lose the ability to resist loads and 
often fail suddenly and along narrow planes (i.e. the formation of a fault) and undergo minimal 
permanent deformation before failing. Ductile materials sustain larger amounts of permanent 
deformation without losing the ability to resist the load (i.e. the formation of a fold) (Nygård et 
al., 2006).  
Stress vs. strain curves help us to determine if a rock is behaving in a ductile or brittle 
manner in models (Figure 19). Brittle materials show a larger region of elastic behavior and a 
shorter region of plastic behavior (Figure 19). Ductile materials show a shorter zone of elastic 
behavior and reach the zone of permanent deformation sooner (Figure 19). In the finite element 
models discussed here we determine which rock units are likely to behave ductiley (fold) and 
which units are likely to behave in a brittle manner (fault) based on a combination of lithology 
and material response. These variations in rock properties and their response to loads may 
influence thrust ramp formation and propagation.  
 
Figure 18. Typical stress as a function of strain 
curve of a rock in compression (modified from 
Jaeger et al., 1979). From point 0 to A the rock is 
behaves as a linear elastic material (governed by 
Young’s Modulus and Poisson’s Ratio) and no 
permeant damage has occurred. Between points A 
and B the rock experiences permanent deformation 
and strain hardening occurs (less stress is required 
to produce strain). Plastic failure begins at point B, 
which is the yield stress. At point C, the peak of the 
curve should be equal to the uniaxial compressive 
strength of the rock. C to D is the region of failure. 
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Methods  
We use the numerical finite element modeling program ABAQUS™  to model fault-fold 
structures (Dassault Systèmes, 2011). This finite element code allows complex geometries (e.g., 
non-planar faults and mechanical stratigraphy) to be combined with realistic material properties 
(Smart et al., 2012). With ABAQUS™ we can establish the initial boundary conditions, stress 
state, and constitutive relationships to simulate rock deformation over a wide range of scales. 
The program enables users to consider a range of material properties to simulate rock behavior 
(e.g. simple elastic or elastic-plastic responses) and it allows for frictional interfaces between 
layers (Petrie and Evans, 2016; Smart et al., 2012). Finite element modeling in ABAQUS™ 
provides an excellent supplement to field analyses that aim to understand the locations, 
orientations, and magnitudes of stresses and strains in contractional systems (Smart et al., 2012). 
ABAQUS™ can track the spatial and temporal distributions of magnitudes and orientations of 
stresses as well as elastic and inelastic strains throughout the model domain (Petrie and Evans, 
2016; Smart et al., 2010, 2012) and has been used to assess earthquake rupture nucleation and 
propagation (Ofoegbu and Ferrill, 1998; Ofoegbu et al., 1997).  
To define the modeling and parameter space that we wanted to investigate, we built a 
three-layer model and explored the impact of variables like interlayer slip, over burden pressure, 
Figure 19. Stress as a 
function of strain curves of 
rock under compression. 
Circle marks the point of 
transition from elastic to 
plastic deformation. The 
rock on the left exhibits 
brittle failure, and the rock 
on the right exhibits ductile 
failure. 
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fault friction, and fault angle individually (Appendix C). These parameterization experiments 
also helped us decided on a series of input values like the use of damping factors, non-linear 
algorithms, and surface contact types (Input file, Online Appendix).  
Model Inputs 
We incorporate the field data from the Ketobe Knob site to serve as the guide for the 
number of layers to include in the model, their thicknesses, compressive strengths, initial stress 
state of the model, and the nature of inter-layer slip. We use an elastic–plastic (Mohr–Coulomb) 
material model for rock properties because this relationship best describes the bulk deformation 
of upper crustal rocks (Smart et al., 2012). We use a Coulomb friction model to govern slip 
between layers and faulted surfaces (Smart et al., 2010). These models are the approximate size 
of the structures seen in the outcrop (~25 m thick package of rocks) but inputs are easily scalable 
to study structures of any size.  
We created two model suites within this framework: 1) intact/unfaulted models to 
examine how the difference in mechanical stratigraphy affects the distribution of stresses in the 
pre-faulted state, and 2) faulted models which use the same inputs but contain a planar fault to 
show how a recently nucleated fault alters stress in the surrounding rocks. The faulted models 
were run with slight variations including a) variation in mechanical stratigraphy, b) no variation 
and mechanical stratigraphy, and c) variation in mechanical stratigraphy and deformed by a 
horizontal displacement load. 
Intact Models 
The purpose of the intact/unfaulted models is to create a geologically reasonable base 
case model for the distribution of stresses and strains in the stratigraphic sequence. We apply far-
field tectonic stresses to the stratigraphy and show how the difference in mechanical strength of 
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each unit at the Ketobe Knob affects the distribution of stresses. We test the hypothesis that 
stronger units experience higher stress than weaker units, and that is where a thrust fault might 
nucleate (instead of in the weak layers). 
The FEMs use several mechanical moduli to constrain the rock properties which we 
define with inputs from the field data when possible (Table 4). We allow slip between the layers 
in the model and assign a coefficient of friction µ = 0.85 based on rock composition from XRD 
results. Quartz is by far the most abundant mineral in all of the rocks, and µ = 0.85 is a standard 
friction value for un-weathered rocks (Byerlee, 1978). The models have a rigid boundary 
condition at the base to prevent downward movement and a rigid boundary condition at the top 
to represent overburden material and to prevent excess distortion of the topmost layer (upward 
movement restricted) (Figure 20). These models do not incorporate pore pressure in the materiel 
properties.  
 
Table 4. Parameters used for material properties of the rock units. 
Unit UCS (MPa)* E (GPa)* µ* v† φ† ψ† C (MPa) § 
Curtis SS. 28.4 9.8 .85 0.2 15 3.7 10.9 
Curtis conglomerate 33.7 12.0 .85 0.2 20 5 11.8 
Entrada SS. (upper) 62.1 22.5 .85 0.2 25 6.3 19.8 
Earthy Entrada Silty SS. 30.7 10.8 .85 0.3 15 3.7 11.8 
Entrada SS. (lower) 47.8 17.5 .85 0.2 20 5 16.7 
* derived from field data  
† derived from literature  
§ derived from field data and literature 
Uniaxial Compressive Stress (UCS), Young’s Modulus (E), Static and Kinetic coefficients of 
friction (µ), Poisson’s Ratio (v) (Gercek, 2007), Friction Angle (φ) (Smart et al., 2014), and 
Dilation Angle (ψ) (Smart et al., 2014), Cohesion yield stress (C) (Goodman, 1980) 
(C=UCS/(2*tan(45+.5* φ)). 
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Table 5.  Pressure loads applied to unfaulted and faulted models. 
Step Time Period (s) σ1 (MPa)* σ3 (MPa) † Gravity (m/s2) 
1 (Gravity) 0-1 - - -9.80 
2 (Pressure) 1-2 200 40 -9.80 
*σ1 is horizontal 
†σ3 is vertical (downward)  
 
The models consist of two load steps (Table 5). In step 1 we apply a downward 
gravitational acceleration to the model and let it equilibrate. The gravity load applied in step 1 
remains on the model through step 2.  In step 2 we apply horizontal tectonic loads. The 
downward pressure load simulates an overburden of 40 MPa as suggested from the stress 
inversion from 3D Stress (Figure 12). A horizontal pressure load of 200 MPa is applied, which is 
more than sufficient to induce plastic failure of all rock units in the model (Table 5). Models 
were run with a range of mesh sizes and time increments to assure we had achieved a convergent 
result, that is we test to make sure that alteration of the time increment, and mesh size did not 
Figure 20. Diagram that shows the boundary conditions and loads applied to the 
stratigraphic package for the unfaulted and faulted models deformed by pressure loads. 
The model is ~30 m high and 50 m wide. The model was run with uniform 1 m mesh. 
  
40 
alter the distribution of stress and strain in the final model.  We ran models with the same 
parameters while we incrementally reduced the mesh size from 2 m to 0.5 m and altered the run 
time from 1 s to 10 s. Each model yielded the same pattern of stresses and very close to the same 
magnitude. 
Faulted Models 
Extended Finite Element (XFEM) codes in ABAQUSTM  model the initiation and 
propagation of cracks based on the maximum principal stress direction without any previous 
knowledge of crack location. The XFEM models initially presented an avenue for modeling 
thrust fault initiation and propagation in mechanically layered sections but proved to be 
insufficient. Further research on the algorithm revealed that the XFEM algorithms are primarily 
used to model failure in tension and the program cannot nucleate a fracture in a purely 
compressional stress regime without a pre-existing crack (Dassault Systèmes, 2016). 
Additionally, even if the fractures are allowed to propagate from a pre-existing crack in the 
Figure 21. Diagram showing the boundary conditions applied to the faulted model 
deformed with a displacement load. Additional material was added to the base and sides 
to reduce edge effects. The model was run with 1 m mesh in the interior 50 m, then 
larger mesh in the areas where we added extra material.  
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model they only propagate parallel to σ1 of the model domain, and the models made all fractures 
appear as mode 1 failures (da Silva and Einstein, 2013; Hedayat et al., 2015; Sivakumar and 
Maji, 2016). Due to these limitations, XFEMs in ABAQUSTM were not realistic for models of 
large scale thrust faults and we were forced to create a pre-existing fault surface in the 
stratigraphy.  
For the faulted models we placed a 20° dipping fault, as seen at the Ketobe Knob 
outcrop, in the high stress region of the strongest layer of the unfaulted models (the upper 
Entrada sandstone) to examine stresses associated with thrust fault formation. The faulted 
models allow us to see the evolution and spatial distribution of stress and strain around a newly 
formed thrust fault. These models also help us explore the mechanical explanation for the 
formation of the folds at the Ketobe Knob outcrop. We place the fault in the strongest unit in the 
stratigraphic sequence because the reconstruction in Move TM and the unfaulted models both 
suggest that is where faults nucleated.   
 We created three types of faulted models; a) with variation in mechanical stratigraphy 
and deformed by a pressure load, b) without variation in mechanical stratigraphy and deformed 
by a pressure load, and c) with variation in mechanical stratigraphy and deformed by a 
displacement load. The pressure load simulates the distribution of stresses over the long term in a 
Step Time (s) σ1 (MPa)* σ3 (MPa)† Gravity 
(m/s2) 
Displacement 
(m) 
 Initial 0 52 40 - - 
1 (Gravity) 0-1 52 40 -9.80 - 
2 (Displacement) 1-2 52 40 -9.80 2 
*σ1 is horizontal 
†σ3 is vertical (downward) 
Table 6. Loads applied to the faulted model deformed with a displacement load. 
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tectonically strained region. The model parameters for the pressure load models are the same as 
for the unfaulted models (Figure 20, Table 4, 5).  
The displacement model simulates a rapid load scenario (e.g. a nearby earthquake applies 
a rapid horizontal displacement to neighboring rocks) (Smart et al., 2010, 2012). This model 
shows the perturbed stress state directly after the loading event, and it is not meant to serve as a  
long-term analogue. The displacement boundary condition necessitates additional material be 
added to the edges of the model to absorb material failure directly adjacent to the applied load. 
We also add a thick base layer for the upper units to slide over to avoid edge effects of the lower  
boundary condition. The displacement load model parameters are shown in Table 6. We apply an 
initial geostatic stress state to create a pre-stressed volume of rock in a contractional stress 
regime (Table 6). The gravitational load is applied in step 1.  In step 2 an additional boundary 
condition is placed on the right side of the model to prevent movement in the x direction, then a 
horizontal displacement of 2 m was applied to the left side (Figure 21). The displacement models 
use the same material properties as previous versions except for the interlayer slip and fault 
coefficient of friction (Table 4). We applied a friction coefficient of µ = 0. to allow interlayer slip 
and prevent the layers from failing where the load was applied. 
Results 
Intact Models 
The unfractured models were deformed with pressure loads and they show how stresses 
are distributed in the layered section. The results reveal a dramatic variation in stresses in 
different lithologies of the stratigraphic section (Figure 22). The stresses in the entire 
stratigraphic column range from ~130 MPa to ~300 MPa. The high stresses are concentrated in 
the units with high Young’s Modulus (upper Entrada sandstone and lower Entrada sandstone) 
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and are markedly lower in the weaker units (Curtis sandstone, Curtis conglomerate, and Earthy 
Entrada silty sandstone) (Figure 8). Video 2 in the online appendix shows the spatial and 
temporal evolution of 
maximum principal stress 
through the loading step 
of the model when the 
horizontal pressure is 
applied. The video of the 
model shows stresses are 
consistently higher in the 
strong units and radiate 
outward through the 
weaker units (Video 2, 
Online Appendix). The 
video shows that the 
largest contrast in layer 
strength is at the center of 
the model through time, 
and that stresses are often 
highest at layer interfaces 
(Figure 22, Video 2, 
Online Appendix). The 
graphical representation 
Figure 22. Results from unfaulted FEM with variation in 
mechanical stratigraphy after the end of the loading step. 
Interlayer friction coefficient is µ = 0.85. (a) Color contours 
show the maximum compressive stress. (b) Black vectors 
show the orientation of the maximum principal stress. (c) 
Plot of stress with depth (see Figure 8 for color key). 
  
44 
of stress through time shows the same 
patterns with higher stresses in strong 
units (Entrada sandstone) throughout 
the loading step. The strong units 
have a steeper slope and reach higher 
stresses more rapidly (Figure 23). 
Stress as a function of strain graphs 
for each unit reveal that the weaker 
units (Curtis sandstone, Curtis 
conglomerate, and Earthy Entrada) 
experience lower stresses for each 
increment of strain, whereas the two 
strongest units are more resistant to 
deformation (i.e. for a given strain, 
stress is higher in the strong rock 
units). The strain curves (Figure 24) 
for the weaker units are more 
representative of ductile deformation, 
while the upper two curves look more 
like brittle deformation (Figure 24). The point of plastic failure (marked by a change in slope) is 
later in stress as a function of strain space in the stronger units. Our results are interpreted to 
indicate that the weaker units may deform first, the deformation is more likely to be ductile, 
while the stronger units will likely fail in a brittle manner.  
Figure 24. Graph of stress as a function of strain. 
The inflection points on the curves indicate a 
transition from elastic to plastic deformation.  
Figure 23. Graph of stress as a function of time 
(during the loading step) in the unfaulted model. 
Interlayer friction coefficient is µ = 0.85. 
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Influence of Interlayer Slip 
Ubiquitous slickenlines on bedding surfaces at the Ketobe Knob indicate that interlayer 
slip occurred during deformation. We altered the coefficient of friction for interlayer slip from µ 
= 0.0 to µ = 0.85. For the frictionless endmember, layers are free to slide past each other and 
stress magnitudes evolve similarly to the high friction endmember but converge near the end of 
the model (Figure 25). Video 3 shows how the stresses in a low friction model are consistently 
higher in the strong units and radiate outward through the weaker units. However, during the last 
0.4 seconds of the loading step, the stresses converge in the different lithologic units (Video 3, 
Online Appendix).  The range of stresses narrows near the end of loading step 2 as layers slide 
past each other with less resistance. 
The frictionless interlayer slip model is an unlikely endmember for geologic situations. 
Even with the presence of phyllosilicates and other clay minerals the friction coefficient is 
probably no less than µ=  0.2 (Ikari et al., 2009; Ferrill et al., 2017). A model run with µ= 0.2 
exhibited only a minor convergence of stresses (Figure 25). While the stress concentration in 
stiff layers is less dramatic it is still present; the stresses in the stratigraphic section range from 
~150 MPa to ~300 MPa. Within the plausible range of friction values for interlayer slip applied 
in these models did not significantly influence the distribution of stresses in the mechanically 
layered system (Ikari et al., 2009; Ferrill et al. 2017).  
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Figure 25. (a-d) Unfaulted models with variation in mechanical stratigraphy. These models 
were run with a range of interlayer friction coefficients. Color contours show the maximum 
compressive stress. (e-h) Stress as a function of time of each unit.  
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Faulted Models Without Variation in Mechanical Stratigraphy 
We examine the impact of a newly formed thrust fault in uniform stratigraphy on stress 
distribution. This serves as the base case for the faulted models and shows the distribution and 
concentrations of stresses created by a newly formed fault without the additional impact of 
mechanically layered stratigraphy. All the model inputs remain the same as the previous model, 
except that we assign uniform material properties (those of the upper Entrada sandstone) to 
represent a layered, uniform package of sedimentary rocks (Figure 26).  
 
Figure 26. Results from faulted FEM without variation in mechanical stratigraphy after 
the end of the loading step. Interlayer friction coefficient is µ= 0.85. (a) Color contours 
show the maximum compressive stress. (b) Black vectors show the orientation of the 
maximum principal stress.  
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Both fault tips show Coulomb stress perturbations (bow-tie pattern) with an increase in stress in 
the compressional quadrants and a decrease in stress in the dilatational quadrants (Figure 26). 
The hanging wall above the upper fault tip and the footwall below the lower fault tip both show 
an increase in stress and heterogeneous reorientation of stress axes around the fault tips (Figure 
26).  The region of increased stress below the lower fault tip is larger than the area of increased 
stress above the upper fault tip. Sandbox models of imbricate thrust sheets predict increased 
ductile deformation with higher overburden pressure, which could explain the larger amplitude 
stress perturbation in the footwall (Koyi and Teixell, 1999). This result shows that even without 
the added effect of mechanical stratigraphy, nascent thrust faults are likely to increase stresses 
near the faults tips and this induces deformation in the hanging wall and footwall near the fault 
tips. 
Faulted Models with Variation in Mechanical Stratigraphy 
The faulted model with variation in mechanical stratigraphy, based on lithology at the 
Ketobe Knob, shows an extreme concentration of stresses at the fault tips and in the footwall and 
hanging wall wedges (Figure 27). High stresses form in the hanging wall and footwall wedges 
first, then radiate outward through the rest of the model (Video 4, Online Appendix). 
 
Figure 27. Graph showing 
stress as a function of time 
during the loading step in the 
units above the upper fault tip 
(Curtis conglomerate) and 
below the lower fault tip 
(Earthy Entrada silty 
sandstone).  
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Figure 28. Results from the faulted FEM with variation in mechanical stratigraphy after 
the end of the loading step. Interlayer friction is µ = 0.85. In the faulted model we 
assigned a friction coefficient of µ = 0.4 to the fault surface.  (a) Color contours show the 
maximum compressive stress. Areas shaded in black have stresses >300 MPa (b) Black 
vectors show the orientation of the maximum principal stress. 
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The stresses are also consistently elevated in the units above (Curtis conglomerate) and below 
(Earthy Entrada) the fault tips (Video 4, Online Appendix). This phenomenon is shown nicely by 
the stress through time graphs taken from nodes above and below the faults tips (Figure 28). 
Stresses in the stratigraphic units above and below the strong layers are significantly lower. 
There is a larger increase of stress in the footwall than in the hanging wall, just as in the faulted 
model without variation in mechanical stratigraphy. The models deformed by pressure loads 
produce elevated strain in the unfaulted units around the fault tips (Figure 27). Cumulative strain 
is extremely high in the Curtis conglomerate and Earthy Entrada directly adjacent to the fault tips 
(Figure 29). The patterns of elevated strain so the same vengeance directions of the folds at the 
Ketobe Knob outcrop; the strain pattern for the hanging wall anticline verges to the right, and the 
strain pattern for the footwall syncline verges to the left.  
Faulted models deformed by displacement boundary conditions facilitated more visible 
deformation in the form of folds and stress concentrations at fault tips.  In this model we apply 2 
m of horizontal displacement to the hanging wall. The results show the units above and below 
Figure 29. Results from the faulted FEM with variation in mechanical stratigraphy after 
the end of the loading step. Interlayer friction coefficient is µ = 0.85. In the faulted model 
we assigned a friction coefficient of µ = .4 to the fault surface based on XRD results. 
Color contours show the cumulative strain (elastic and plastic strain).  
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the fault were deformed into fault propagation folds (Figure 30). A hanging wall anticline in the 
Curtis conglomerate and a footwall syncline in the Earthy Entrada silty sandstone developed. 
The hanging wall anticline verges to the right and the footwall syncline verges to the left. The 
footwall syncline (5.5 m amplitude) is larger than the hanging wall anticline (2.7 m amplitude). 
This difference in amplitude size could be due to the difference in bed thickness between the 
Figure 30. (a) Faulted 
model with variation 
in mechanical 
stratigraphy. Friction 
coefficients are µ = 
0.2. (b) Vectors show 
the orientation of the 
max principal stress. 
(c) Hanging wall 
anticline and footwall 
syncline at fault tips. 
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Curtis conglomerate and the 
Earthy Entrada, a difference in 
material properties, or an 
increase in overburden pressure 
at the lower fault tip (Figure 26). 
While the amplitudes are not the 
same as the folds seen in the 
field, it is easy to imagine that 
this model is an early snapshot in 
the formation history of the 
present-day structures at the Ketobe Knob. Videos of the model show simultaneous formation of 
the hanging wall anticline and footwall syncline as displacement increases on the fault (Video 5, 
Online Appendix). The distribution of stresses in the model also suggest the formation of a back-
thrust in the Curtis sandstone (Figure 30 b). The stress pattern shows a thin band of increased 
stress at ~40°. High stress concentrations on the left side of the model should be disregarded as 
they are a direct result of rock failure at the location of load application. The distribution of 
stresses in each unit through time mirrors results from the unfaulted model before they level off 
later in the loading step (Figure 31). Stresses are highest in the Entrada sandstone units and lower 
in the Curtis Formation and the Earthy Entrada, as seen in all previous models.  
 
Figure 31. Graph of stress over time in each unit. 
Stresses rise rapidly as the load is applied, then levels 
off for the rest of the loading step.  
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CHAPTER 4: DISCUSSION 
Discussion  
We examined the Ketobe Knob thrust faults and associated folds with a combination of 
classic structural geology field techniques, retro-deformable cross sections in Move ™, and used 
finite element models in ABAQUS™ to examine how the mechanical stratigraphy of the faulted 
rocks influences thrust fault nucleation and propagation, and to test a ramp-first model for thrust 
fault development (Eisenstadt and De Paor, 1987; Ferrill et al., 2016).  
Fold Geometry  
The Ketobe Knob exhibits a mechanically layered stratigraphic sequence cut by a series 
of sub-planer thrust faults with a hanging wall anticline and footwall syncline that are associated 
with the thrusts (Figure 10). Field observations reveal a fault/fold geometry and stratigraphy that 
are compatible with the ramp-first style of thrust fault formation. The presence of macroscale 
footwall deformation at the Ketobe Knob favors ramp-first formation over flat-ramp formation. 
In kinematic restorations of the Ketobe Knob the shape and position of the folds is consistent 
with what we expect from fault propagation folds (i.e. when the fault propagates through the 
fault tip folds it leaves behind tight, steep to overturned anticlines and synclines adjacent to the 
fault surface (Suppe and Medwedeff, 1990)). The elevated stress and heterogeneous reorientation 
of stress axes at the upper and lower fault tips in faulted models agree with mathematical and 
analogue models from Rodgers and Rizer (1981) and Patton and Fletcher (1995). The region of 
potential failure (folding) directly above a reverse-fault is elongated parallel to the dip of the 
fault (Patton and Fletcher, 1995). Rodgers and Rizer (1981) found shear stress to be the greatest 
at the fault tip and vertical displacement increased above the fault tip. These results and our 
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results enforce that we should expect elevated stresses which create the potential for fault 
propagation folds at all fault tips, regardless of lithology or propagation direction.  
Mechanical Stratigraphy  
A number of factors contribute to determine the brittle or ductile material response of 
rocks and how fractures propagate in these materials. Rock composition is often cited as a one 
determinate of material response. The XRD analysis of all rock units at the outcrop reveals 
quartz-dominated minerology with small differences in minor and trace minerals. The Earthy 
Entrada silty sandstone did show an increase in clay content, but its mineralogy is still very 
similar to the other rock types at the outcrop. So while lithology does impact rock strength (there 
is a loose correlation between percentages of carbonate, clay, and quartz to strength but XRD-
based empirical relations are statistically inconclusive) there is no universal empirical 
relationship between rock strength and lithology (Busetti and Fang, 2018). Instead, rock textures 
including grain size, grain alignment, laminations, and other fabrics alter of affect any potential 
empirical relationship with lithology (Busetti and Fang, 2018).  Hand sample observations and 
thin section analysis revealed that the ductile or brittle behavior of rocks seen in the field is best 
explained by textural differences.  
The folded Curtis conglomerate and Earthy Entrada silty sandstone, exhibit thinner beds 
than the other units. The Curtis conglomerate is only 1.6 m thick and the Earthy Entrada unit is 
2.9 m thick but shows extremely fine laminations (0.25 mm in thin section). The Curtis 
sandstone, while weaker in terms of elastic strength (low rebound) is very thickly bedded, which 
explains its lack of folds in the hanging wall. The upper and lower Entrada sandstones are 
elastically strong (high rebound) and are thickly bedded, which would make them the most 
competent units in the stratigraphic section.  
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The sizable amplitude difference between the hanging wall anticline and footwall 
syncline could be due to textural differences in the rocks (i.e. the degree of cementation and the 
thickness of bedding/laminations). The Earthy Entrada silty sandstone is weakly cemented, very 
finely laminated, and has smaller grain size which make it more ductile. Conversely, the Curtis 
conglomerate shows thicker bedding, larger grain sizes, and strong cementing, making it less 
ductile than the Earthy Entrada. A propagating thrust fault may be impeded for longer (creating a 
larger amplitude fault propagation fold) in the more ductile of the two units.  
 Additionally, the strength contrast between units affects fracture propagation (Petrie, 
2014). Two rock units with similar strengths are likely to have a fracture propagate through the 
interface. Conversely, strong layer contrasts (a weak unit next to a strong unit) are likely to arrest 
propagating fractures (Cooke and Underwood, 2001; Larsen et al., 2010). This relationship is 
demonstrated by the fault and fold formation at the Ketobe Knob where faults likely nucleated in 
stiff units, then formed fault propagation folds in more ductile units before they broke through.  
Cross Section Reconstructions  
We use a geometrically/kinematicaly based cross section restoration program to test 
which kinematic model best represents the Ketobe Knob structures. Numerous cross section 
restoration attempts in Move TM reveal that the upper fault and lower fault likely nucleated in the 
upper Entrada sandstone. The preferred reconstructed cross section also suggest that the faults 
propagated upward and downward creating fault propagation folds in the hanging wall and 
footwall. The reconstructions are in line with the ramp-first thrust fault model because they 
predict that faults nucleated in structurally strong (stiff, low ductility) layers and they propagated 
upward and downward, creating fault propagation folds in weaker rocks. The structures appear to 
have been strongly influenced by lithology, and the formation of fault propagation folds at both 
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tips is the simplest explanation for the asymmetric flanking folds in the field. The preferred 
interpretation is an independent check on the lithologic explanation for the formation of 
structures at the Ketobe Knob.  
Mechanics of Thrust Fault Development 
Finite element models in ABAQUSTM provide a mechanical explanation for the field 
observation and reconstructions of the thrust fault-fold relationship observed at a range of scales. 
In the unfaulted models, the units with high Young’s Modulus bear a higher load and behave in a 
more brittle manner whereas rocks with lower Young’s Modulus behave in a more ductile 
manner (Figure 24). Weaker units (Curtis conglomerate and Earthy Entrada) are the ones that 
show ductile folds on the outcrop. These results support the ramp-first thrust fault model where 
the strong units act as I-beams, and they bear higher stresses than the softer units in the 
stratigraphic column (Eisenstadt and De Paor, 1987). Once the units acting as I-beams reach their 
failure stress, a fault forms and they can transfer stress to the weaker layers and create a fold or 
continued fault depending on the lithology (Eisenstadt and De Paor, 1987).   
The faulted ABAQUSTM models show an increase in stress and strain in the unfaulted 
units around the fault tips (in the Curtis conglomerate and the Earthy Entrada). This increase in 
stress occurred in the models without variation in mechanical stratigraphy and are even more 
dramatic in the models with variation in mechanical stratigraphy (stress in the strong layers is 
more than twice the stress in the weak layers). The concentrated stresses at the fault tips create 
fault propagation folds seen at the outcrop and recreated in the MoveTM reconstruction. The 
results also explain macroscale footwall folding that is so common; the stress and strain 
heterogeneities are present at both the upper and lower fault tips regardless of the direction of 
propagation or the mechanical stratigraphy.  
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These results shed light on the mechanics of thrust fault formation of a range of scales 
beyond that of the Ketobe Knob. Thrust faults that form in the ramp-first faulting style are 
commonly seen in the foreland of large thrust belts, like the Canadian Rockies (Link, 1949; Teal, 
1983; Morley, 1994; Begin et al., 1996; McMechan, 1999; Langenberg et al., 2006) and the 
Osen-Røa thrust sheet in Norway (Morley, 1994). These faults are sometimes called “sled 
runners” or “incipient thrusts” and 
they occur as much as 50-100 km in 
front of the fold belt (McMechan, 
1999). In seismic reflection profiles 
these faults appear to cut stiff 
sandstone units and lose displacement 
above and below in weaker 
reflections (Teal, 1983; McMechan, 
1999). Seismic reflection profiles 
from the Narraway region of the 
Canadian Rockies in Alberta (J.P. 
Evans, pers. comm. 2018) are 
excellent examples – in both lines 
thrust faults cut strong reflectors (a 
strong reflector indicates a stiff rock) 
and tip out above and below in 
weaker reflectors (a weak reflector 
indicates a softer rock) (Figure 32). 
Figure 32. Seismic reflection profiles from the 
foothills of the Canadian Rockies in the 
Narraway region of Alberta, Canada. Red lines 
show faults cutting strong rocks and appear to 
lose displacement in weaker strata above or 
below. Seismic lines courtesy of Burlington 
Resources. 
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Both lines show hanging wall anticlines and footwall synclines associated with the thrusts 
(Figure 32).  
The Providence Canyon Thrust, in northeastern Utah, offers another potential example of 
ramp-first faulting, this time without variation in mechanical stratigraphy (Figure 33). The 
Providence Canyon Thrust in the Bear River Range offsets the Monroe Canyon Limestone (gray 
to brown-gray, medium to thickly bedded, cliff-forming limestone). The outcrop in Providence 
Canyon displays two thrust faults dipping shallowly to the west (Figure 33). The upper fault 
shows roughly 4 m of displacement. These two thrusts overlap, and the upper fault shows an 
associated hanging wall anticline and footwall syncline. Several bedding surfaces show yellow 
alteration minerals and slickenlines suggesting slip has occurred. While the lithology cut by these 
thrusts is not obviously mechanically layered, there are interesting kinematic relationships 
between the upper and lower thrust and associated damage zones that might indicate structures 
that formed in the ramp-first faulting style in the absence of mechanical stratigraphy. This echoes 
the results of the faulted ABAQUS model with uniform lithology model (Figure 26).  
 
Figure 33. Providence Canyon Thrusts in the Bear River Range in northeastern 
Utah. 
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We can apply this understanding of the mechanics behind thrust fault nucleation and 
propagation in mechanically layered stratigraphy to a wide range of geological disciplines like 
structural geology and tectonics, seismology, and petroleum geology. By incorporating our 
knowledge of lithology into fault models, geologists are more likely to correctly interpret 
structures with limited data sets. The influence of mechanical stratigraphy on thrust fault and 
fold formation can be particularly useful for the interpretations of seismic lines (which show 
decreasing resolution with depth), fault geometry from focal mechanism/after-shock data, and 
cross sections based on surface geology/well data.  Interpretations of tectonic structures in these 
settings rely on kinematic fault models to inform the orientation and extent of structures and 
bedding in the subsurface. As the resolution decreases with depth and data become sparse, our 
assumptions about fault behavior are more influential. Application of the ramp-first model in 
thrust systems with strong contrasts in mechanical rock strength may lead to improved accuracy.  
Conclusions  
We integrated traditional structural geology field methods, 2-dimentional cross section 
reconstructions, and finite element models to investigate the effects of mechanical stratigraphy 
on stress heterogeneity, rupture direction, and fault geometry by examining a large-scale field 
example of ramp-first faulting in central Utah. The results of this study provide strong support 
for the importance of the ramp-first faulting style in mechanically stratified systems. We have 
found that the mechanical stratigraphy of faulted rocks exert a first-order control on thrust fault 
formation. Kinematic reconstructions and finite element models indicate that faults at the Ketobe 
Knob nucleated in structurally strong (stiff, low ductility) layers, then propagated upward and 
downward, and created fault propagation folds at both fault tips. Numerical models provided a 
mechanical explanation for the kinematics; strong rock units showed elevated stresses and more 
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brittle behavior making them likely to fault first. Weak units showed lower stresses, but where 
more likely to respond ductiley and form folds under pressure. When a fault was nucleated in the 
layered system, the FEMs showed similar fold orientations as seen in the outcrop.  
We hypothesize that a large portion of thrust faults nucleation occurs in the ramp-first 
style, then with continued deformation the ramps become linked by flats (slip along long angle, 
weak surfaces) (Eisenstadt and De Paor, 1987). Many thrust systems may originate in this way, 
but field evidence is hard to find due to the overprinting of later deformation. Because we rarely 
see complete thrust faults in the field (from upper fault tip to lower fault tip) identifying large 
ramp-first faults in the field is not straight forward. However, stratigraphy, the position and 
shape of flanking folds, and balanced cross section restorations can provide clues to kinematics. 
This study emphasizes the importance of incorporating mechanics and knowledge of lithology 
into cross section restorations and the study of thrust fault kinematics.  
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Appendix A: Field Data 
XRD Results 
Table 7: XRD results for the Curtis sandstone 
Curtis sandstone 
Score Scale Factor Compound Name Chemical Formula 
52 0.97 Silicon Oxide SiO2 
28 0.009 Iron Fe 
22 0.012 Manganese Iron Sulfide (Mn0.99 Fe0.01)S 
34 0.222 Silicon Oxide SiO2 
10 0.022 Calcium Carbonate Ca(CO3) 
13 0.018 Sodium Lanthanum Molybdenum Oxide Na0.5La0.5(MoO4) 
 
 
 
Figure 34: XRD results for the Curtis sandstone 
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Table 8: XRD results for the Curtis conglomerate 
Curtis conglomerate 
Score Scale Factor Compound Name Chemical Formula 
56 0.944 Silicon Oxide SiO2 
38 0.135 Calcium Magnesium Carbonate Ca0.936Mg0.064(CO3) 
17 0.042 Sodium Chloride NaCl 
7 0.016 Sodium Aluminum Silicate Na(AlSi3O8) 
 
 
 
Figure 35: XRD results for the Curtis conglomerate 
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Table 9: XRD results for the Entrada sandstone 
Entrada sandstone 
Score Scale Factor Compound Name Chemical Formula 
58 0.814 Silicon Oxide SiO2 
24 0.037 Iron Fe 
16 0.094 Potassium Sodium Chloride K0.2Na0.8Cl 
31 0.124 Calcium Carbonate Ca(CO3) 
14 0.033 Calcium Carbonate Ca(CO3) 
33 0.175 Silicon Oxide SiO2 
13 0.029 Titanium Iron Silicon TiFeSi2 
16 0.204 Zirconium Silicate Zr(SiO4) 
0 0.027 Aluminum Iron Silicate Fe3Al2(SiO4)3 
 
 
 
Figure 36: XRD results for the Entrada sandstone 
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Table 10: XRD results for the Earthy Entrada silty sandstone 
Earthy Entrada silty sandstone 
Score Scale Factor Compound Name Chemical Formula 
57 0.968 Silicon Oxide SiO2 
41 0.084 Strontium Ytterbium Molybdenum Oxide Sr2YbMoO6 
0 0.002 Sodium Chloride NaCl 
18 0.034 Sodium Calcium Aluminum Silicon Oxide Na0.98 Ca0.02Al1.02 Si2.98O8 
8 0.04 
Magnesium Aluminum 
Iron Silicon Oxide 
Hydroxide 
Mg0.97 Fe1.1Al3.93Si2O10(OH)4 
26 0.066 Calcium Magnesium Carbonate CaMg(CO3)2 
 
 
 
Figure 37: XRD results for the Earthy Entrada silty sandstone 
  
  
75 
Table 11: XRD results for the Ketobe Knob fault rock 
Fault Rock 
Score Scale Factor Compound Name Chemical Formula 
49 0.311 Silicon Oxide SiO2 
46 0.222 Calcium Carbonate Ca(CO3) 
38 0.032 Iron Fe 
23 0.095 Sodium Chloride NaCl 
15 0.036 Magnesium Manganese Silicon Oxide Mg1.16Mn0.84Si2O6 
 
 
 
Figure 38: XRD results for the Ketobe Knob fault rock 
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Thin Section Photos 
 
Figure 39. Curtis sandstone in thin section (left) in polarized light and (right) in plane light. 
Magnification is 5x.  
 
 
Figure 40. Entrada sandstone in thin section (left) in polarized light and (right) in plane 
light. Magnification is 5x. 
 
 
Figure 41. Curtis conglomerate in thin section (left) in polarized light and (right) in plane 
light. Magnification is 5x. 
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Figure 42. Earthy Entrada silty sandstone in thin section (left) in polarized light and (right) 
in plane light. Magnification is 5x. 
 
Stress Inversion Data 
Table 12:Shows combined fault data used to create the Stress inversion in 3D Stress. Strike 
and Dip data follow the right-hand rule. 
 
Source Strike Dip 
(Wacker, 2001) 105 23 
(Wacker, 2001) 212 30 
(Wacker, 2001) 190 27 
(Wacker, 2001) 190 26 
(Wacker, 2001) 314 22 
(Wacker, 2001) 129 31 
(Wacker, 2001) 182 27 
(Wacker, 2001) 292 19 
(Wacker, 2001) 176 31 
(Wacker, 2001) 282 26 
(Wacker, 2001) 107 31 
(Wacker, 2001) 154 25 
(Wacker, 2001) 302 30 
(Wacker, 2001) 283 20 
(Wacker, 2001) 159 37 
(Wacker, 2001) 320 27 
(Wacker, 2001) 164 17 
(Wacker, 2001) 178 31 
(Wacker, 2001) 150 31 
(Wacker, 2001) 337 25 
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This Study 111 21 
This Study 123 19 
This Study 124 12 
This Study 115 18 
This Study 134 17 
This Study 147 26 
This Study 125 28 
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Appendix B: Move TM Reconstruction Steps  
Below are the detailed reconstruction steps for the 2-dimensional cross section restoration 
in Move™ (see Methods section in Chapter 2).  Move™ contains a suite of algorithms to 
create/restore faults including Fault Parallel Flow, Elliptical Fault Flow, and three different 
kinematic fold/unfold algorithms that we utilized including Flexural Slip, Simple Shear, and Line 
Length (Midland Valley Resources, 2018). A combination of these algorithms was applied to the 
structures on a dip parallel outcrop photo of the Ketobe Knob Thrust.  
Description Image 
 The preferred 
outcrop 
interpretation.  
 
  
80 
 Restored movement 
on middle fault (0.77 
m of displacement) 
using fault parallel 
flow fault algorithm 
(uniform 
displacement). 
 
 Restored 0.78 m of 
displacement on the 
lower fault using 
fault parallel flow 
fault algorithm 
(uniform 
displacement). 
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 Unfold of the middle 
layers to simulate 
simultaneous 
fold/fault formation 
Used simple shear 
fold algorithm and 
restored 20% of 
deformation with 15° 
angular shear.  
 
 Restored 1 m 
displacement on the 
lower fault using 
elliptical fault flow 
centered in the upper 
Entrada sandstone.  
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 More unfolding of 
the middle layers 
using the simple 
shear algorithm to 
restore 20% of 
deformation with 15° 
angular shear. 
Simulate 
simultaneous 
fold/fault formation 
 
 Restored 3 m 
displacement on the 
lower fault using the 
elliptical fault flow 
algorithm with 
maximum 
displacement 
centered at the base 
of the upper Entrada 
sandstone.  
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 More unfolding of 
the middle layers 
using the simple 
shear algorithm to 
restore 50% of 
deformation with 15° 
angular shear. 
Simulate 
simultaneous 
fold/fault formation. 
 
 Restored 5 m of 
displacement on the 
lower fault using 
elliptical fault flow 
algorithm with 
maximum 
displacement 
centered at the base 
of the upper Entrada 
sandstone.  
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 Restored the last 0.5 
m of displacement on 
the lower fault using 
the fault parallel flow 
mechanism.  
 
 Step 10 involved fixing artifacts, not pictured. Applied flexural sip unfold algorithm the hanging wall 
to fix the deformation falsely created by the flat in the fault. 
 Restored 13.7m of 
displacement on the 
upper fault using 
fault parallel flow 
mechanism. 
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 Restored 1.3 m of 
displacement on the 
upper fault using the 
elliptical fault flow 
algorithm with the 
center of 
displacement at the 
top of the upper 
Entrada sandstone.  
 
 Removing fold from 
the hanging wall 
anticline using the 
simple shear 
algorithm with 15 
angular shear. 
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 Restored the 
remaining 0.9 m of 
displacement on the 
upper fault using 
elliptical fault flow 
with the maximum 
displacement 
centered in the upper 
Entrada sandstone.  
 
 
 
    
  
Figure 43: A selection of outcrop interpretations used as starting points for 
reconstructions. (a) Preferred interpretation. (b) Steeper dip on beds in-
between the upper and lower faults. (c) Connection of middle fault splay and 
lower fault splay. (d) Another reinterpretation of the middle fault splay. 
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Appendix C: Parameterization of Finite Element Models 
Before finalizing the model inputs for the Ketobe Knob we did extensive 
parameterization work on a simple three-layer model with a coarse mesh to determine the 
sensitivity and importance of variables including overburden pressure, interlayers slip friction 
values, fault friction values, and fault dip.  
The model for the parametrization consisted of a stiff limestone layer (44 GPa = Young’s 
Modulus, 0.25 = Poisson’s Ratio) in-between two weaker shale layers (14 GPa = Young’s 
Modulus, 0.25 = Poisson’s Ratio) with elastic material properties. A fault was created in the 
limestone layer with a coefficient of friction µ = 0.4. The system was loaded with and vertical σ3 
(confining pressure), and a horizontal σ1 creating a thrust fault stress regime. We altered each 
variable one at a time and characterized the 
impact of thrust fault and fold development.  
Fault Friction    
We vary the static and kinetic 
friction coefficients (µ) from 0.0 to 0.9 (µ = 
0.01 being the weak fault end member with 
no friction, and µ = 0.9 being the strong 
fault with very high resistance to slip). The 
weak fault end member shows more folding 
at the fault tips than the strong end member 
(Figure 39). The major difference between 
Figure 44. (Top) weak fault end member (µ = 
0.01) with larger displacement and increased 
folding at fault tips. (Bottom) strong fault end 
member (fault friction = 0.9) with lower 
displacement and less folding at fault tips. 
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the two models is the amount of slip on the 
faults; the weak fault end member shows 
larger displacement on the fault that the 
strong fault endmember.  
 
Interlayer Slip Interlayer slip  coefficients 
of friction were varied from µ = 0.01 to µ 
=0.8. Models with low coefficients of 
friction between layers (weakly bonded 
layers) show large amounts of interlayer 
slip and more uniform stresses in the 
limestone and shale layers (Figure 40). In models with a high coefficient of friction for interlayer 
slip (strong bonded layers) stresses are more heterogeneous, with higher stresses in the limestone 
layer than in the upper and lower shale layers (Figure 40). When deformation cannot be 
accommodated through sliding along layer boundaries, stress builds in the stronger units. 
Confining Pressure  
We were also concerned about the effects of confining pressure (i.e. burial depth) on the 
development of thrust faults and folds. We expect increased folding at fault tips with higher 
confining pressures because rocks act more ductily at high pressures (Goodman, 1980). To test 
the impact of confining pressure we applied a horizontal σ1 of 50 MPa, varied vertical σ3 
between 30 MPa and 15 MPa. Models with higher confining pressures (at greater depth) showed 
elevated stress in the stiff, limestone layers creating a strong stress heterogeneity (Figure 41). 
There was very little slip on the fault which resulted in no folding at the fault tips. Models run 
with lower confining pressures (at shallower depths) display less stress heterogeneity between 
Figure 45. (Top) weak layer bonding (friction = 
0.01) with more uniform distribution of 
stresses. (Bottom) strong layer bonding (friction 
= 0.8) with more heterogeneous stresses. 
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the limestone and shale layers and more 
displacement on the fault, likely due to the 
increased differential stress (Figure 41).   
 
Fault Dip 
Lastly, we tested the impact of increasing 
the fault angle in the horizontally loaded 
system. We ran models with a fault angle of 
30°, which is expected in a horizontally 
loaded tectonic setting, and a model with a 
45° fault, which is steeper than expected. 
Models with a lower fault angle (30°) were oriented more favorably for slip and stress was 
accommodated by displacement on the fault (Figure 42). The model with a 45° fault was not 
favorably oriented to slip and created a large stress heterogeneity between the shale layers and 
the limestone layer (Figure 42).  
  
 
Figure 46. (Top) low confining pressure 
applied of 15 MPa. (Bottom) high confining 
pressure applied of 30 MPa. 
Figure 47. (Top) 30° fault with slip. (Bottom) 45° 
fault under the same loading conditions with no slip.  
 
Figure 48. (Top) 30° fault with slip. (Bottom) 45° 
